Cortical network activity correlates with vigilance state: Deep sleep is characterized by slow, synchronized oscillations, whereas desynchronized, stochastic discharge is typical of the waking state. Neuropeptides, such as orexin and substance P but also neurotensin (NT), promote arousal. Relatively little is known about if NT can directly affect the cortical network, and if so, through which mechanisms and cellular targets. Here, we addressed these issues using rat in vitro cortex preparations. Following NT application specifically to deeper layers, slow oscillation activity was attenuated with a significant reduction in UP state frequency. The cortical response to thalamic stimulation exhibited enhanced temporal precision in the presence of NT, consistent with the transition in vivo from sleep to wakefulness. These changes were associated with a relative shift toward inhibition in the excitation/inhibition balance. Whole-cell recordings from layer 6 revealed presynaptically driven NT-induced inhibition of pyramidal neurons and excitation of fast-spiking interneurons. Deeper in the cortex, neurons within the white matter (WM) were strongly depolarized by NT application. The colocalization of NT and tyrosine hydroxylase immunoreactivities in deep layer fibers throughout the cortical mantle indicates mediation via dopaminergic systems. These data suggest a cortical mechanism for NT-induced wakefulness and support a role for WM neurons in state control.
Introduction
Vigilance states are associated with distinct configurations of cerebrocortical network activity, as observed in the electroencephalogram [Berger 1929; see McCormick et al. (2015) ]. During waking and states of high alertness, the cortical network decorrelates to enable a faithful internal representation of the external world and appropriate action selection, a condition reflected as high-frequency small-amplitude events in ensemble activity. In contrast, during sleep or drowsiness, cortical neurons synchronize into slow, large amplitude fluctuations. Transitions between these different configurations result from the widespread release of neuromodulators from ascending projections [see Lee and Dan (2012) ]. The slow (<1 Hz) oscillation is a cortical manifestation of deep sleep, where the cortical network alternates rhythmically between periods of intense activity (UP states) and relative quiescence (DOWN states) [Steriade et al. 1993; see McCormick et al. (2015) ]. During UP states, virtually all classes of neurons participate (Sanchez-Vives and Mccormick 2000; Fanselow and Connors 2010) , resulting in a balance of excitatory and inhibitory synaptic transmission (Shu et al. 2003) . The cortical response to afferent sensory stimulation likewise varies with vigilance state. In sleep, sensory input results in a widespread cortical activation similar to an UP state where inhibition/excitation is balanced. In contrast, during wakefulness, inhibition is increased in proportion to excitation, resulting in a temporally and spatially more restricted response (Haider et al. 2013) . Identifying the neurochemical mechanisms and circuitries that underlie switches in cortical network configuration and that determine the proportion of excitation relative to inhibition is of fundamental importance for understanding how the cortex operates through a range of consciousness states.
The neuropeptide neurotensin (NT; Carraway and Leeman 1973) is coexpressed with dopamine in discrete groups of midbrain neurons (Hökfelt et al. 1984) . Much attention has been focused on the role of NT in mesocorticolimbic projections, including to the prefrontal cortex, and its interactions with dopamine, where the peptide has been proposed as an endogenous antipsychotic (Nemeroff 1980) . Electrophysiological data from pyramidal neurons of the prefrontal cortex suggest an NTmediated subthreshold excitation and an increase in inhibitory input (Audinat et al. 1989) . Far less is known about global actions of NT. Yet, both NT1 and NT2 receptors are expressed throughout the cortical mantle (Alexander and Leeman 1998; Sarret et al. 1998; Sarret, Perron, et al. 2003) , and the presence of NT-immunoreactive (-ir) fibers has been reported beyond the prefrontal cortex (Uhl et al. 1977) . Importantly, upon central administration of NT in rats, deep sleep duration is reduced and the time spent awake increases (Castel et al. 1989) . While NT has been documented to influence the activity of ascending modulatory systems such as the orexin/hypocretin cells of the lateral hypothalamus (Furutani et al. 2013) , the cholinergic basal forebrain neurons (Alonso et al. 1994; Cape et al. 2000) , and serotonergic raphe neurons (Jolas and Aghajanian 1996) , it remains to be investigated if NT can exert direct effects on the cortical network. This issue was addressed here using electrophysiological recordings on in vitro models of the sleeping cerebral cortex and sensory input and whole-cell recordings. Our data reveal a previously unappreciated role of NT in regulating cortical network configuration through actions on cortical deep layer neurons.
Methods

Animals for Electrophysiology
Male Sprague-Dawley rats (Charles River), 21-35 days old, were housed with ad libitum access to standard chow and tap water in a temperature-controlled environment under 12/12 h light/ dark conditions with lights on at 6:00 AM. All animal experiments had received prior approval by the local ethical board, "Stockholms Norra Djurförsöksetiska Nämnd," and were carried out in accordance with the European Communities Council Directive of 24 November 1986 (86/609/EEC).
Slow Oscillation Preparation
Slices were prepared using a procedure modified from Aghajanian and Rasmussen (1989) with tissue buffers based on the protocol developed by Sanchez-Vives and McCormick (2000) . Animals were deeply anesthetized with sodium pentobarbital and decapitated. The brain was rapidly dissected out and placed in an ice-cold and oxygenated (95% O 2 /5% CO 2 ) "sucrose solution" containing (in mM) sucrose (214), NaHCO 3 (26), -glucose (10), CaCl 2 (2), KCl (2.5), MgSO 4 (2), and NaH 2 PO 4 (1.3), and subsequently blocked and glued to a vibratome (Leica) where 300 μm thick sagittal or coronal slices of the somatosensory or visual cortex were cut and immediately transferred to an interface style chamber (Case and Broberger 2013) . The chamber was heated to approximately 36°C and perfused with a 50%/50% mixture of "sucrose solution" and aCSF containing (in mM) NaCl (124), NaHCO 3 (26), -glucose (10), KCl (2.5), CaCl 2 (2), MgSO 4 (2), and NaH 2 PO 4 (1.25). After 30 min, the solution was switched to 100% aCSF with which the slices were perfused for an additional hour. Finally, the solution was switched to a modified aCSF containing (in mM) NaCl (124), NaHCO 3 (26), -glucose (10), KCl (3.5), NaH 2 PO 4 (1.25), CaCl 2 (1), and MgSO 4 (1). Recordings were begun after a minimum of 1 h of perfusion with the modified aCSF. Tungsten (Fredrick Haer Company) or low impedance glass micropipette electrodes (World Precision Instruments) were used.
Whole-Cell Recordings
For patch-clamp experiments, dissection and slicing were performed as above. Slices were immediately transferred to aCSF in a continuously oxygenated submersion style holding chamber at 35°C for a period of 30 min. Subsequently, slices were allowed to recover in aCSF at room temperature for a minimum of 1 h before recording. For whole-cell recordings, slices were transferred to a submerged chamber (Warner Instruments) and placed on an elevated grid that allows perfusion both above and below the slice. An Axio Examiner upright microscope (Carl Zeiss) was used for infrared differential interference contrast visualization of cells. Recordings were performed at near physiological temperature (36°C), and slices were continuously perfused with oxygenated recording solution at a rate of approximately 5 mL/min. All pharmacological compounds were bath applied.
Whole-cell current-and voltage-clamp recordings were performed with pipettes (3-7 MΩ when filled with intracellular solution) made from borosilicate glass capillaries (World Precision Instruments) pulled on a P-97 Flaming/Brown micropipette puller (Sutter Instruments). The intracellular recording solution used in experiments contained (in mM) K-gluconate (140), KCl (3), HEPES (10), EGTA (0.2), MgCl 2 (2), and Na 2 ATP (2), pH 7.3 (with KOH). Recordings were performed using a Multiclamp 700 B amplifier and the pClamp9 software (Molecular Devices). Slow and fast capacitative components were automatically compensated. Access resistance was monitored throughout the experiments, and neurons in which the series resistance was >25 MΩ or changed >20% during recording were not included in the final analysis. Liquid junction potential was 16.4 mV and not compensated. The recordings were sampled at 10 kHz.
Thalamocortical Slices
"Thalamocortical slices" of 350 µm were prepared as in Agmon and Connors (1991) . A bipolar stimulation electrode was placed in the ventrobasal nucleus of the thalamus and whole-cell recordings were performed in layer 6 of the somatosensory cortex. Only recordings where the delay between stimulation and cortical response was under 3 ms (1.94 ± 0.21 ms; n = 6) and where UP states were initiated were included in analysis. For the measurement of inhibition/excitation balance, QX-314 was included in the intracellular solution to block intrinsic Na + currents. Tetraethylammonium (TEA) was added to the aCSF to block intrinsic K + currents. Cells were recorded in voltage clamp at a minimum of 6 different holding potentials ranging from −80 to +20 mV. The resulting current response to thalamic stimulation was used to calculate reversal potential and conductance of the input. The reversal potential for inhibitory and excitatory input was assumed to be −70 and 0 mV, respectively, and the relative contribution of excitatory and inhibitory conductance was calculated as in Haider et al. (2006) . approximately 1 MΩ during 0.1 s using a Picospritzer (Precision Fluidics). NT was purchased from Phoenix Pharmaceuticals and the NT receptor antagonists SR142948 (0.5 µM) and SR48692 (0.2 µM) were purchased from Tocris. The concentration used for tetrodotoxin (TTX), purchased from Alomone, was 0.5 μM. QX-314 and TEA were purchased from Sigma-Aldrich and used at 0.5 and 5 mM, respectively. CGP 55845A, CNQX, and AP-V were applied at 10, 10, and 50 µM, respectively, and were purchased from Tocris. All drugs were diluted in water, except for SR48692 which was diluted in DMSO, and stored in frozen aliquots.
Analysis
A custom-written Matlab script was used for analysis of UP state frequency and electrophysiological characteristics as below. UP state frequency was determined by first detecting the smoothed signal crossing through a threshold of 1.5 × baseline. Bins (10 min) were calculated to compare control to effect and washout. All electrophysiological characteristics were analyzed from step-current injections eliciting 7 action potentials (APs) for direct comparison. The AP threshold was determined using an absolute threshold of the first derivative (5). The AP peak was determined from threshold to the peak of signal. Half-width was calculated from the AP width at half maximum its amplitude. Amplitude accommodation was calculated by dividing the absolute amplitude of the seventh AP by the first. Frequency adaptation was determined by calculating the interspike intervals and dividing the last by the first. Afterhyperpolarization (AHP) was defined as the negative voltage deflection occurring after the end of the step-current injection. AHP amplitude was calculated as the peak of the amplitude of the AHP relative to the resting membrane potential prior to current step injection. AHP duration was calculated as the time expired from the end of the step-current to when the cell returned to resting membrane potential. Input resistance was derived from the maximum voltage response to step-current injections of −100 pA. To estimate the hyperpolarization-activated mixed cation current, I h , we measured the difference between the maximum and minimum voltage deflection ("sag amplitude") during a −100 pA, 500 ms current injection. Rheobase was defined as the minimum current injection required to elicit a single AP.
For comparisons of membrane potential or holding current, the data points obtained during a 30-s long sweep during control, drug application, and washout conditions were averaged. Data points in graphs represent these 30 s averages, which were subsequently compared between groups. MiniAnalysis was used to detect postsynaptic currents (PSCs) in the same recording sequences that were used to calculate holding current.
Statistical analysis was performed with GraphPad and statistical significance was set at P < 0.05 and determined using ANOVA or Student's t-test after test for normal distribution. Synaptic currents were further analyzed using the two-sample Kolmogorov-Smirnov (KS-2) test. Data are presented as average ± standard error of the mean (SEM) unless otherwise stated.
Immunofluorescence
Six 35-day-old Sprague-Dawley rats were anesthetized with an i.p. overdose of sodium pentobarbital and perfused via the ascending aorta with 50 mL of Tyrode's Ca 2+ -free solution (37°C)
followed by 50 mL of fixative solution containing 4% paraformaldehyde and 0.2% picric acid in 0.16 M phosphate buffer, pH 6.9 (37°C), followed by 300 mL of the same but ice-cold fixative. The brains were dissected out, immersed in the same fixative for 90 min, and rinsed for 20 h in 0.1 M phosphate buffer (pH 7.4) containing 30% sucrose. Brains were subsequently frozen, sectioned in the coronal plane at 14 μm thickness on a cryostat (Microm), and thaw-mounted onto gelatin-coated glass slides.
Immunofluorescence was performed as previously described (Broberger et al. 1999) . Briefly, whole brain sections were incubated with a cocktail of polyclonal rabbit anti-NT antiserum (1 : 800; ImmunoStar) and monoclonal mouse anti-tyrosine hydroxylase (TH) antibodies (1 : 2000; Millipore), monoclonal mouse anti-dopamine beta-hydroxylase (DBH) antibodies (1 : 8000; Millipore), or monoclonal anti-tryptophan hydroxylase (TPH) antibodies (1 : 400; Sigma-Aldrich) in 0.3% Triton X-100/ 0.01 M PBS, at 4°C for 16 h. The tissue was then processed using the tyramide signal amplification (TSA) procedure (Perkin-Elmer, Waltham, MA, USA) for the detection of TH/DBH staining. NT was detected simultaneously using the conventional immunohistochemical method. Sections were rinsed in TNT buffer (0.1 M Tris, 0.15 M NaCl, and 0.05% Tween 20), preincubated with the TNB blocking reagent (as supplied with the TSA kit; PerkinElmer) for 30 min, and incubated for another 30 min with horseradish-peroxidase-conjugated swine anti-mouse immunoglobulin (1 : 200 in TNB buffer; Dako, Glostrup, Denmark). The sections were then rinsed and incubated for 10 min with tyramide-conjugated fluorescein (1 : 100 in amplification diluent as supplied with the TSA kit; Perkin-Elmer). Sections were subsequently mounted with glycerol supplemented with anti-fade agent (2.5% 1,4-diazabicyclo[2.2.2]octane).
Results
NT Reversibly Decreases UP State Frequency
Visual and somatosensory cortex slices prepared and maintained as described in Case and Broberger (2013) displayed the slow oscillation (defined as 0.1-1 Hz; Steriade et al. 1993) in the form of regularly recurring bouts of compound discharge (UP states) alternating with relative quiescence (DOWN states) as observed in extracellular multiunit recordings (Fig. 1Aa,b) .
A significant reduction in UP state frequency was observed in all slices where NT was applied at concentrations 0.2 µM or higher ( Fig. 1A-C ; NT 1 µM: 45.3 ± 6.0% of control; n = 7; P < 0.01, NT 0.5 µM: 62.4 ± 5.0%; n = 9; P < 0.01, NT 0.2 µM: 77.9 ± 3.0%; n = 6; P < 0.05, NT 0.1 µM: 105.5 ± 7.0%; n = 5; n.s.). To control that the decrease in UP state frequency was not simply a consequence of prolonged storage in the recording chamber, network activity was also recorded after continuous perfusion with aCSF (without NT added but for an equivalent time period). Under these conditions, UP state frequency did not change significantly (97.9 ± 2.8% of control; n = 9; n.s.). No significant difference was observed between visual and somatosensory cortex and the data were grouped (data not shown). The UP state frequency was reversible, often before washout of NT indicating desensitization possibly due to receptor internalization (Alonso et al. 1994 ).
NT-ir Fibers Are Confined to Deep Cortical Layers
Having identified a prominent action of NT on vigilance-related network activity, we sought to determine an anatomical substrate for this effect. Immunofluorescence studies of the rat cerebral cortex revealed that the presence of NT-ir fibers was confined almost exclusively in layer 6 (Fig. 1Da) . Stained fibers were sparse, but could be observed in most cortical regions examined, including the somatosensory and visual cortices. Most NT-ir axons were beaded in appearance, with only occasional branching and primarily ran perpendicular to the white matter (WM). No stained cell bodies could be seen in the cortical mantle. Doublestaining was performed with antibodies against NT and markers Following application of NT (0.5 µM), the oscillation decreases in frequency to 0.29 Hz. The oscillation frequency partially recovers, to 0.55 Hz, after washout.
(Ab) Expanded traces from time points indicated in (Aa). (B) Application of NT (0.5-1 µM) causes a significant but reversible decrease in oscillation frequency in somatosensory (n = 12) and visual cortex (n = 5, individual recordings in gray, average in black; ***P < 0.001 vs. control). (C) The effect of NT on slow oscillation frequency is dose-dependent (*P < 0.05 and ***P < 0.001 vs. control; n = 5 in each group). (D) Confocal micrographs from coronal sections of rat somatosensory cortex double-labeled by immunofluorescence for NT (red; Da, b, e, h) and TH (green; Dc), DBH (green, Df ), and TPH (green, Di) and orexin (Orx; green, Dk). Merged images are shown in (Dd, g, j, and m). Note sparse but discrete distribution of NT-ir fibers in the deepest cortical layers adjacent to the WM, and coexistence with THimmunoreactivity but not with other markers. (E) The effect on UP state frequency of focal application of NT; location of pressure pulse ejection given as distance from WM. A significant reduction in frequency is found only in deep layers (*P < 0.05, **P < 0.01; n = 5 in each group). (F) Pharmacological blockade of the NT type 1 and 2 receptors combined (SR142948), but not the NT type 1 receptor alone (SR48692) or the dopamine type 1 and 2/3 receptors (SCH23390 and eticlopride, respectively), abolishes the effect on UP state frequency of bath applied NT (n = 5 in each group). Scale bar: (Aa) 1 min, (Ab) 2 s, (Da) 100 µm, (Dj) 20 µm for (Db-j).
Error bars represent mean ± SEM.
for monoaminergic neurons (the rate-limiting enzyme in catecholamine biosynthesis, TH; Fig. 1Db-d ), adrenergic/noradrenergic neurons (DBH; Fig. 1De-g ), serotonergic neurons (the rate-limiting enzyme in serotonin biosynthesis, TPH; Fig. 1Dh -j), and orexinergic neurons . No colocalization was seen in the cortex between NT and TPH, DBH, or orexin, respectively. All NT-ir fibers, however, also contained TH-like immunoreactivity, representing a substantial proportion of TH-ir fibers in layer 6. In contrast, in more superficial layers, TH-ir fibers were void of NT-ir.
NT Modulates the Cortical Slow Oscillation Primarily Through the Activation of NT2 Receptors in Deep Cortical Layers
The slow oscillation involves all layers and the majority of cortical neurons (Sanchez-Vives and McCormick 2000) . Thus, a neuromodulatory effect on the network can arise either from actions that are highly localized and discrete or effects that are more broadly distributed. To investigate the potential scope of NT cortical targets, we therefore employed an approach involving systematic focal application. Focal applications of NT (10 µM, 30 psi, 0.1 s) were administered along the vertical axis of the cortex, which we divided into 5 strata, ranging from the WM (here defined as 0 µm) to the pial surface, with each stratum having a vertical range of 320 µm. The extracellular multiunit recording electrode was placed in layer 5 while focal NT application was made successively at each stratum by pressure ejection. In these experiments, it was found that only NT application in the deepest strata (the lowest segment of which included the WM) was successful in recapitulating the effects of NT bath application on UP state frequency, a response that reflected the strict confinement of NT-ir fibers (see above) to the deep layers ( Fig. 1E ; 0-320 µm: 73.4 ± 4.2%, P < 0.01; 320-640 µm: 83.5 ± 6.9%, P < 0.05; 640-960 µm: 98.7 ± 4.1%, n.s.; 960-1280 µm: 101.3 ± 4.6, n.s.; 1280-1600 µm: 103.9 ± 4.3%, n.s.; n = 5 for each stratum; numbers are given as the percentage of pre-drug application UP state frequency). Reduction in UP state frequency when NT was applied focally in deep strata was not seen with the application of aCSF in the same area, thus excluding non-pharmacological effects of pressure application.
In the neocortex, 3 NT receptor subtypes are expressed: NTR1 and NTR2, which are cell membrane G-protein-coupled receptors, whereas NTR3 (also known as sortilin) is believed to be intracellular (Alexander and Leeman 1998; Morris et al. 1998; Sarret, Krzywkowski, et al. 2003; Sarret, Perron, et al. 2003) . When slices were preincubated with the NTR1-specific antagonist, SR48692 ( Fig. 1F ; 0.2 µM; Gully et al. 1993) , application of NT (0.5 µM) still resulted in a reduction in UP state frequency (65.5 ± 8.9% of baseline; n = 4; P < 0.05). In contrast, following preincubation with the combined NT1R/NT2R antagonist, SR142948 (0.5 µM; Gully et al. 1997) , no change in UP state frequency was observed after NT application (96.9 ± 5.2% of baseline; n = 5), indicating a dominant role for the NT2R in mediating the effects on cortical network activity. Preincubation with the dopamine receptor 1 antagonist, SCH23390 (10 µM), and the dopamine receptor 2/3 antagonist, eticlopride (10 µM), did not alter NT's effect on UP state frequency, indicating that the actions of the peptide are not mediated by modulation of the release or signaling properties of dopamine (Fuxe et al. 1992) . Application of the antagonists alone failed to significantly affect UP state frequency (SR48692: 86.2 ± 4.5% of control, n = 4, n.s.; SR142948: 100.9 ± 1.0% of control, n = 6, n.s.), arguing against an endogenous release of NT in the slice through a local source.
The Cortical Response to Thalamic Input Is Modulated by NT
The cortical response to incoming sensory input differs between sleeping and waking. In deep sleep, the cortex responds with a long-lasting UP state-like event consisting of balanced excitation and inhibition. During waking, the cortical response to the same stimulus is brief and dominated by inhibition (Haider et al. 2013) . To investigate the effects of NT on sensory processing, we used the thalamocortical slice described in Agmon and Connors (1991) . Whole-cell recordings were performed from pyramidal neurons and fast-spiking (FS) cells of layer 6 that received direct thalamic input (average delay to response 1.94 ± 0.21 ms; n = 6). Neurons were classified based on their morphology under differential interference contrast visualization and their active electrophysiological characteristics. For analysis, results from pyramidal and FS cells were pooled, as the input activity in both classes similarly reflects network activity. Stimulation was delivered through a bipolar stimulating electrode placed in the ventrobasal (VB) nucleus of the thalamus (1-3 mA, 200 µs), and any changes in resting membrane potential induced by NT application were compensated by the injection of constant current. To more closely mimic in vivo conditions, only slices where thalamic stimulation resulted in UP state generation in the form of a delayed network response were used ( Fig. 2A) . In the presence of NT, the slope of repolarization was significantly steeper (Fig. 2B ,Ca; control, −0.07 ± 0.03 mV/s vs. NT, −0.11 ± 0.03 mV/s; P < 0.05). Furthermore, the area under the curve calculated for the delayed network response ("UP state") was markedly decreased ( Fig. 2A , Cb; control: 1380.89 ± 383.39 ms mV vs. NT: 236.50 ± 87.00 ms mV; P < 0.05). While the average amplitude of response was not affected by NT (control: 2.56 ± 0.67 mV vs. NT: 2.71 ± 0.76 mV; n.s.), the standard deviation of the amplitude was significantly reduced ( Fig. 2B,Cc; control, 0.68 ± 0.13 mV vs. NT, 0.41 ± 0.08 mV; P < 0.05), suggesting that the peptide decreases response variability across trials.
To investigate the network alterations responsible for the increased repolarizing slope, the relative contributions of excitation and inhibition were examined. Pyramidal and FS cells were recorded and their inhibitory and excitatory input conductances in response to thalamic stimulation were calculated [ Fig. 2Da,b ; see Methods and Haider et al. (2006) ]. Currents from the individual neurons were averaged over the last 5 ms of the evoked response in order to facilitate comparison (Fig. 2Dc) . The proportions of excitatory and inhibitory conductances were not significantly different in control conditions. In the presence of NT, however, synaptic input unbalanced such that the relative excitatory conductance was significantly smaller than the inhibitory conductance. Peak conductance was not significantly affected (control: 240.90 ± 67.75 nS vs. NT: 183.80 ± 60.74 nS; n.s.), but resting conductance was reduced in the presence of NT (control: 12.46 ± 1.94 nS vs. NT: 10.27 ± 2.10 nS; P < 0.05).
To exclude the possibility that the recorded change in excitation and inhibition was a result of bath applied NT acting in the thalamus rather than the cortex, the effect of NT of VB relay neurons was also investigated. Thalamocortical neurons in the VB were identified based on their differential responses to depolarizing current steps delivered at hyperpolarized (burst) and depolarized (regular firing) membrane potentials (Jahnsen and Llinás 1984) . Membrane resting potential and input resistance remained unchanged in all of the recorded thalamocortical neurons when NT was applied, suggesting that the peptide's effect on the thalamocortical response is indeed the result of intracortical actions (see Supplementary Fig. 1 ).
NT Hyperpolarizes Pyramidal Cells and Depolarizes Fast-Spiking Interneurons in Layer 6
Having identified layer 6 as a major site of the wakefulnesspromoting actions of NT in the cortex, we next sought to determine the specific NT-responsive neuronal subtypes in the deeper cortical lamina. Whole-cell patch clamp was used to identify preand postsynaptic responses to bath application of NT (0.2 µM) in pyramidal cells and FS interneurons, which together make up the majority of cortical neurons [see Markram et al. (2004) ]. Recorded neurons were quiescent at baseline, except for the occasional appearance of UP states (see example in Fig. 3Aa ). Current-clamp recordings from pyramidal neurons in layer 6 showed a modest, but significant, hyperpolarization in response to NT ( Fig. 3Ab ; resting membrane potential in control: −64.94 ± 0.85 mV vs. NT: −66.04 ± 0.84 mV; n = 11; P < 0.05), whereas input resistance was unaffected (control: 102.00 ± 12.27 MΩ vs. NT: 111.80 ± 15.86 MΩ; n = 11; n.s.). Investigation in voltage clamp ( Fig. 3Ba ; holding potential −60 mV) revealed no effect on holding current ( Fig. 3Bb; Fig. 3Cc ; n = 5; KS-2, Z = 0.007, P < 0.05) and frequency ( Fig. 3Cd ; n = 5; KS-2, Z = 0.013, P < 0.05) distribution was observed, but no significant change in the mean values of these parameters .32 ± 2.53 pA; n = 5; n.s.; KS-2 Z = 0.007, n.s.) or frequency (control: 2.88 ± 0.96 pA vs. NT: 3.37 ± 1.12 pA; n = 5; n.s.; KS-2 Z = 0.01, n.s.) of mIPSCS (data not shown). To determine if a change in inhibitory synaptic input was causing the hyperpolarization seen above, additional recordings were made in current-clamp mode, but now using pipettes filled with high intracellular Cl − , to change polarity of any GABA A receptormediated currents (i.e., from outward to inward currents). The hyperpolarizing effect of NT application on membrane potential persisted also under these conditions ( Fig. 3Ad ; control: −67.25 ± 0.62 mV vs. NT: −69.24 ± 0.58 mV; P < 0.005; n = 5; peak hyperpolarization; control: −1.11 vs. NT: −1.99; n.s.). The hyperpolarization was, however, abolished in the presence of GABA B receptor blocker CGP55845 ( Fig. 3Ad ; control: −64.15 ± 1.70 mV vs. NT: −64.00 ± 1.81 mV; n.s.; peak hyperpolarization: 0.15 vs. control; n.s.). Thus, the hyperpolarization of pyramidal neurons observed in the presence of NT appears to result from an increase in presynaptic GABA release acting on GABA B receptors. In an earlier study by Audinat et al. (1989) , prefrontal cortical pyramidal cells exhibited a depolarization in the presence of NT. This observation, seemingly in contradiction with our own results (above), raised the question whether this discrepancy could be explained by differences in experimental procedures or reflects cortex area-specific responses to NT in projection neurons. To address this issue, we also performed current-and voltage-clamp recordings from deep layer pyramidal neurons of the prefrontal cortex. Current-clamp recordings revealed a depolarization (see Supplementary Fig. 2 ; peak depolarization: 4.75 ± 2.84 mV) in 4 of 6 neurons; none of the cells hyperpolarized in response to NT. Voltage-clamp recordings showed an inward current in some cells (3 of 5 neurons) in response to NT (see Supplementary Fig. 2 ; peak inward current: −6.67 ± 2.60 pA). Thus, it appears that the pyramidal cell response to NT is different in the prefrontal cortex (excitation) versus sensory cortices (inhibition).
Fast-spiking interneurons displayed a small, but significant, depolarization ( Fig. 4Aa,b ; control: −70.22 ± 1.57 mV vs. NT: −69.27 ± 1.75 mV; n = 8; P < 0.05) when NT was applied. Input resistance was, however, not affected (control: 73.00 ± 19.00 MΩ vs. NT: 74.50 ± 18.50 MΩ; n = 8; n.s.). Voltage-clamp recordings (holding potential −60 mV) of FS neurons revealed an inward current in the presence of NT (Fig. 4Ba,b ; control: 46.27 ± 15.61 pA vs. NT: 21.70 ± 14.78 pA; n = 5; P < 0.05) accompanied by an increase in the mean and a positive shift in the distribution of the frequency of PSC ( Fig. 4Be ; control: 17.89 ± 3.07 Hz vs. NT: 51.77 ± 13.03 Hz; n = 5; P < 0.05; KS-2 Z = 0.022, P < 0.001). The mean amplitude was not affected by NT application, but amplitude distribution shifted significantly to the right ( Fig. 4Bd; control: 35.42 ± 2.78 pA vs. NT: 43.37 ± 5.15 pA; n.s., n = 5; KS-2 Z = 0.016, P < 0.001). Thus, the electrical properties of layer 6 pyramidal and FS neurons are both modulated by NT, in a pattern consistent with a shift toward local network inhibition.
NT Excites White Matter Neurons
The deepest part of layer 6b consists of a distinct monolayer of cells nestled below intracortical connections. Continuous with 6b are neurons that invade the top layers of the WM of the corpus callosum/external capsule, sometimes called WM cells. These 6b and WM cells have their origin in the subplate [Chun and Shatz 1989; see Clancy et al. (2009)] , the anlage of the cerebral cortex (Kostovic and Rakic 1980) . Subplate cells play an important role in the formation of thalamocortical and columnar connections [Ghosh and Shatz 1992; Kanold et al. 2003 ; see Hoerder-Suabedissen and Molnar (2015)]. While most subplate cells disappear after the cortex has been formed, a small population (i.e., the 6b and WM neurons) remains, which are collectively referred to as persistent subplate cells (Kostovic and Rakic 1980) . In adult animals, the persistent subplate cells are predominately glutamatergic as GABA expression is relatively sparse in this layer (Hoerder-Suabedissen and Molnár 2013) and paired recordings have thus far revealed only excitatory connections (DeFelipe et al. 2010) . There is emerging evidence that subplate neurons can both receive (Viswanathan et al. 2012 ) and generate (Tolner et al. 2012) electrical signals in the early postnatal development of the cortex (Kanold and Luhmann 2010) . In contrast, relatively little known to what extent persistent subplate cells constitute targets for neuromodulation in the adult cortical network. A previous study suggested, however, that neurons in layer 6b are the only cortical neurons that respond directly to orexin/hypocretin peptides (Bayer et al. 2004) . Orexin is a powerful promoter of arousal (Nishino et al. 2000) , the loss of which has been implicated as the cause for the sleep disorder, narcolepsy (Chemelli et al. 1999; Lin et al. 1999; Peyron et al. 2000) . We were therefore curious to see if NT, sharing orexin's stimulatory effect on wakefulness and, as indicated by the results above, acting primarily within the cortex through deep layers, can also alter the membrane properties of WM neurons. Figure 5A ,B shows the presence of neurons in the WM of the cerebral cortex, as identified by immunofluorescence for the pan-neuronal marker nucleobindin 1 (Tulke et al. 2016) . In differential interference contrast microscopy, WM cells could be seen in-between fibers, often appearing oval and horizontal in relation to the pial surface (Fig. 5C,D) . Current-clamp recordings of WM neurons showed that nearly all cells responded to application of NT (n = 114/116; somatosensory = 104, visual = 10), and that the mode of response could be categorized into 4 major groups. In the majority of neurons, NT application was followed by depolarization from a quiescent baseline, resulting either in sustained tonic discharging of APs ( Fig. 6Aa ; n = 36; baseline: −67.47 ± 0.48 mV; peak depolarization: 14.92 ± 1.30 mV; AP frequency: 13.12 ± 0.94 Hz), or a transient depolarization followed by occasional APs (Fig. 6Ad ; n = 40; baseline: −69.57 ± 0.56 mV; peak depolarization: 6.42 ± 0.52 mV; AP frequency: 1.38 ± 0.68 Hz in 7 of 40 cells), or in the induction of rhythmic bistability with alternating periods of hyperpolarization and depolarized episodes of firing ( Fig. 6Ab ; n = 21; baseline: −68.05 ± 0.73 mV; peak depolarization: 22.10 ± 2.00 mV; AP frequency: 24.69 ± 3.10 Hz). In the final group of neurons, application of NT resulted in a biphasic response: Brief, subthreshold depolarization followed by sustained hyperpolarization ( Fig. 6Ac ; n = 17; baseline: −68.26 ± 0.58 mV; peak hyperpolarization: −2.48 ± 0.32 mV). Given the near-ubiquitous responsiveness to NT among WM neurons, we hypothesized that at least some of these neurons would also respond to orexin. Indeed, all NT-responding cells that were also (after a minimum of 20 min of washout) exposed to bath application of orexin A (0.2 µM) showed a response to both peptides (n = 6/6) with orexin A application typically eliciting the same electrical response as NT in individual neurons (see Supplementary Fig. 3 ). Thus, in cells where application of NT induced subthreshold depolarization (n = 3) or AP firing (n = 3), these same behaviors were also observed after orexin A was added to the bath, with the exception of one cell where APs were observed in response to NT but not to orexin A.
No obvious relationship was observed between the mode of NT response in WM neurons and a range of baseline membrane characteristics (see Supplementary Fig. 4 ). Both increases (23.51 ± 2.51 MΩ; n = 68/104) and decreases (−44.36 ± 9.33 MΩ; n = 36/104) in input resistance (as calculated by voltage deflections in response to the injection of square current pulses) were observed following NT application, suggesting different mechanisms of action within the WM population; the change in input resistance did not correlate with the type of response. In voltage-clamp recordings of WM neurons, the application of NT resulted in a net inward current [I NT ; Fig. 6Ba,b ; holding current in control: 49.70 ± 9.42 pA vs. in NT: −4.8 ± 11.34 pA; P < 0.001, n = 17 (somatosensory = 10, visual= 7)]. The I NT was partly reduced in the presence of TTX ( Fig. 6Bc ; I NT in control: −54.50 ± 5.63 pA vs. I NT in TTX: −25.10 ± 3.72 pA, P < 0.001; n = 10), but a significant component remained (holding current in control: 51.97 ± 5.66 pA vs. in NT: 26.87 ± 6.38 pA; P < 0.001), suggesting the involvement of postsynaptic actions. An alternative, or complementary, explanation is that a TTX-sensitive persistent sodium current may contribute to the I NT . When NT was applied in the presence of SR142948, the I NT was completely abolished (holding current in control: 48.30 ± 4.62 pA vs. in NT: 46.50 ± 3.78 pA; n.s.; I NT −1.80 ± 1.40 pA; n = 5). Pre-application of SR48692 reduced, but did not abolish, I NT , suggesting a role for both NTR1 and NTR2 in the observed response (holding current in control: 42.57 ± 9.57 pA vs. in NT: 35.37 ± 13.70 pA; n.s.; I NT −14.04 ± 3.78 pA, n = 10). The distribution ( Fig. 6Be ; KS-2 Z = 0.014, P < 0.05) but not mean (control: 4.43 ± 1.18 Hz vs. NT: 5.72 ± 1.59 Hz; n.s.) of PSC frequency in WM cells was changed in the presence of NT. The amplitude of PSCs remained unaffected both in distribution ( Fig. 6Bd ; KS-2 Z = 0.012, n.s.) and in mean (control: 29.21 ± 2.38 pA vs. NT: 30.90 ± 2.29 pA; n.s.) following NT application.
Discussion
Sleep and arousal are linked to fundamentally different operating modes of cortical network activity [see McCormick et al. (2015)].
Neuromodulators intrinsic to or reaching the cortex by ascending fibers can act as switches between network configurations and thus play a key role in determining an animal's state of consciousness [see Lee and Dan (2012) ]. NT has been shown to induce wakefulness upon central administration (Castel et al. 1989; Cape et al. 2000; Furutani et al. 2013 ) and both NT fibers (Febvret et al. 1991) and receptors (Jennes et al. 1982; Sarret et al. 1998 ) are present in the rodent cortex. Yet, there is little information on how NT can interact with cortical structures and, if so, upon which cellular targets. In this study, we show that NT can exert powerful effects on the isolated cortical network and on corticothalamic information processing involving direct effects on cortical neuronal subpopulations. These results implicate NT as a cortical promoter of arousal whose network effect is relayed primarily through WM cells and other cellular targets in the deepest layers of the cortex.
At the network level, NT reversibly decreased the frequency of UP states in both sensory cortices sampled, suggesting a widespread neocortical effect. NT acts in a dose-dependent manner and through the NTR2 receptor. Is this effect on the slow oscillation, considered a hallmark of deep sleep (Steriade et al. 2001) , compatible with an in vivo analeptic action? It might appear counterintuitive for an arousal mediating peptide to cause a reduction in UP state frequency as the awake state has been compared with a prolonged UP state [see Destexhe et al. (2007) ]. It should be noted, however, that the ability of other well-characterized modulators, such as acetylcholine and noradrenaline, to promote arousal is paralleled by their ability to reduce or abolish UP states in vitro (Castro-Alamancos and Gulati 2014). Our data do not exclude the possibility that NT's actions on wakefulness may also include one or several of the subcortical nuclei innervated by the peptide (Kobayashi et al. 1977; Uhl et al. 1977 Uhl et al. , 1979 . However, the present results, obtained using the isolated cortical slice, provide strong indications that these actions can be accomplished, at least in part, through direct actions on the cortex.
The ability to shift between synchronized (during deep sleep) and decorrelated (during arousal) network states equips the cortex with radically different state-dependent modes of information processing. Sensory stimuli arriving in the cortex during sleep trigger an UP state that spreads across large areas of the cortex and lasts several seconds (Haider et al. 2013) . With the cortical circuit so engaged in the slow oscillation configuration, network responses to afferent sensory signals lose their spatiotemporal specificity (Haider et al. 2013) , functionally isolating the cortex from the sensory surround. In contrast, during wakefulness responses to afferent stimuli are highly temporally and spatially restricted, making the cortical network prepared to process rapid changes in afferent signals and enabling precise internal representations of the external world (Hirata and Castro-Alamancos 2011; Haider et al. 2013) . We evaluated the actions of NT during dynamic signal processing in the sensory thalamocortical circuit through an established in vitro protocol using thalamic stimulation and cortical whole-cell recordings (Favero et al. 2012) . Activation of NTergic signaling abolished the cortical generation of UP states in response to thalamic stimulation, indicative of a network partitioned functionally into smaller, discrete units. In a further correlate to what has been shown in vivo in the waking brain (Haider et al. 2013) , the cortical response retained its amplitude, but exhibited reduced variability. These changes occur simultaneously and can partly be explained by a concomitant shift from balanced excitatory and inhibitory synaptic input under baseline slice conditions to one dominated by inhibition when NT is applied. Importantly, such reconfiguration is seen Holding current is significantly reduced in WM neurons in the presence of NT (***P < 0.001; n = 10). (Bc) The NT-induced inward current is reduced in the presence of TTX (P < 0.001, n = 7) and abolished in the presence of the combined NT1 and 2 receptor antagonist, SR142948 (***P < 0.001, n = 5). Application of NT in the presence of the NT1 receptor antagonist, SR48692, yields a significantly reduced average response (***P < 0.001, n = 9), although individual neurons appear to cluster into 2 groups.
(Bd) PSC amplitude is unaffected in the presence of NT (n = 10). (Be) PSC frequency is significantly right-shifted following application of NT (*P < 0.05, n = 10). Scale bars: during the transition from sleep to arousal in the living brain (Haider et al. 2013) .
A shift in the balance toward more inhibition can be brought about by increased inhibition and/or decreased excitation. Our whole-cell recordings from the immediate cortical targets of thalamic innervation, that is, pyramidal cells and FS interneurons (Beierlein and Connors 2002; Constantinople and Bruno 2013) , support both of these possibilities. In the presence of NT, pyramidal cells were hyperpolarized and FS interneurons were depolarized. Furthermore, the FS cells reported a sharp increase in amplitude and frequency of PSCs, which was likely excitatory since the cells were held at −60 mV, close to the reversal potential for GABA A -mediated events in voltage clamp (Haider et al. 2006) . Pyramidal cells inversely exhibited a positive shift in the distribution in the amplitude and frequency of inhibitory input as well as a GABA B receptor-dependent hyperpolarization. Thus, a decreased excitability of glutamatergic pyramidal cells concomitant with an increased drive of FS interneurons offers a compelling mechanism for shifting the balance in favor of inhibition. These findings in the sensory cortices were partly different from what Audinat et al. (1989) , in the only prior report on the response of cortical neurons to NT, had found in the prefrontal cortex, where they observed excitation of pyramidal neurons. The reasons for these discrepancies are related to the differences in anatomical region, rather than the technique, as we, applying our experimental protocol on prefrontal slices, observed predominantly excitation rather than inhibition in pyramidal neurons, in agreement with Audinat et al. (1989) .
These observations beg the question which cellular elements mediate the NT signal into the cortex. The primary receptive target of the peptide appears to be in the deepest layers. This conclusion is supported both by the observation that cortical NT-ir fibers are almost exclusively confined to layer 6 (Jennes et al. 1982 and present results) and our demonstration that local application of NT is effective at decreasing UP state frequency only when applied in deep cortical layers. The most striking effect of NT was indeed observed when the peptide was applied focally immediately adjacent to or within the WM. Closer scrutiny of the behavior of WM cells revealed a marked and near-ubiquitous responsiveness to NT, with the great majority of neurons shifting into tonic or rhythmic discharge. These effects appear to be primarily mediated via NTR2 since the combined NTR1/2R antagonist, but not NTR1 antagonism on its own, blocked the network response (although a subpopulation of WM cells appeared to respond to NT exclusively via the NTR1). In the current study, no obvious relationship was found between the electrical response to NT and the passive and active membrane properties observed. It remains to be determined if the type of response to NT correlates with other characteristics used to classify persistent subplate/layer 6b neurons (Torres-Reveron and Friedlander 2007; Andjelic et al. 2009; Marx and Feldmeyer 2013; Perrenoud et al. 2013) .
It is debated whether persistent subplate neurons are functionally integrated into the mature cortex, or if they-once they have performed their important early role in guiding cortical organization [Kostovic and Rakic 1980; Ghosh and Shatz 1992; Kanold et al. 2003; see Hoerder-Suabedissen and Molnar (2015) ]-simply remain as vestiges of development. In support of the former, Bayer et al. (2004) have shown that persistent subplate neurons are the only cortical neurons that respond directly to orexin, suggesting that orexin-induced arousal (Hagan et al. 1999; Lin et al. 1999; Peyron et al. 2000) may be partly mediated through direct cortical actions. We demonstrate here that the same WM neurons are depolarized by NT and by orexin, although these peptides appear to be released from separate populations of terminals. Similar excitation of layer 6b neurons has also been reported for the peptide, cholecystokinin (Chung et al. 2009 ). These findings invite the speculation that WM neurons may provide an entry point to into the cortex for a diverse set of ascending signals.
How is this signal arriving into the deepest cortical layers further disseminated? White matter neurons have been shown to project subcortically but also upwards into the cortex, reaching as superficial as layer 1 (Clancy and Cauller 1999; Clancy et al. 2001) . We have recently observed that in mice, where genetically driven expression of fluorescent markers facilitate paired recordings from identified subpopulations of neurons, there are direct excitatory connections from WM neurons to FS, as well as lowthreshold-spiking, interneurons in layer 6b (Case and Broberger 2014) . Whether such connections exist in the rat is not currently known, but it is reasonable to speculate that excitatory WM neurons may engage and reconfigure the cortical network toward a decorrelated state through activating inhibitory interneurons. The WM neuron firing rates induced in the presence of NT were generally somewhat lower than the PSC frequency observed in FS neurons upon application of the peptide. This discrepancy may suggest that there is not a 1 : 1 ratio in coupling from WM to FS cells, but rather that each FS cell receives inputs from multiple WM neurons.
Finally, the cellular and network actions of NT described here raise the issue of the origin of NTergic cortical input. We show here, confirming earlier studies (Jennes et al. 1982) , that while innervation of NT-ir fibers in the cortical mantle is generally sparse, it is heavily confined to layer 6, reaching the WM surface. Importantly, virtually all NT fibers are dopaminergic as they contained TH-, but not DBH-immunoreactivity, in agreement with a previous report (Febvret et al. 1991) . The source for this innervation is not currently known but the ventral tegmental area (VTA), where there is abundant coexpression of NT and TH (Hökfelt et al. 1984) , is an attractive candidate. The role of the VTA in arousal is not as well understood as for many other monoaminergic cortically projecting nuclei, and dopamine neurons in this nucleus exhibit only minor state-dependent changes in spiking pattern (Miller et al. 1983; Trulson and Preussler 1984) . However, electrical activation of the VTA induces waking from anesthesia (Solt et al. 2014) . Cortical dopamine concentrations increase in waking compared with sleeping (Léna et al. 2005 ) and activation of dopaminergic VTA projections to the prefrontal cortex dopamine can elicit cortical arousal (Lewis and Donnell 2000) . It should be noted, however, that in comparison with what we show here for NT-ir fibers in the somatosensory and visual cortices, the dopamine/NT innervation of the prefrontal cortex is more extensive than and not as layer-restricted (Febvret et al. 1991 ) and may thus operate through different network mechanisms. Further studies are warranted to better understand the global cortical actions of NT in vivo and to what extent these occur in cotransmission with dopamine.
In conclusion, this study provides a mechanistic model for the arousal-promoting effects of NT. Our data suggest that ascending NT fibers provide a powerful activating influence on persistent subplate neurons that could shift the balance between excitation and inhibition through recruitment of FS neurons. We also show that NT exerts opposite effects on layer 6 pyramidal and FS neurons. Thus, the balance between excitation and inhibition is altered and the cortex is switched to the decorrelated state required for the processing of sensory input in the awake animal.
